Complementary measurements from three different electron density measurement techniques are presented for the time period of the November 4, 1993, storm. Computerized ionospheric tomography (CIT) data from an array of nine ground stations operating as part of the Mid-America CIT Experiment (MACE 93) is presented along with data from a digital ionosonde operating near the midpoint of the CIT array. Corroborating data from the DMSP satellites are also presented. Taken together the data provide evidence of a strongly disturbed ionosphere with rapid variations of electron density structures in space and time. The CIT data show a deep equatorward surge of the the midlatitude trough to nearly 50
Introduction
An intense magnetic storm occurred during the first part of November 1993. This storm was the fourth in a sequence of storms associated with a large coronal hole in the Sun. This particular storm was very severe with Dst reaching almost −120 nT (Figure 1 ) and long lasting, with effects observed from November 2 through 11. Since a large number of researchers were collecting solar, magnetosphere, ionosphere, and thermosphere data during this period, this event has been designated as a special storm study event by the space weather community [Knipp et al., 1996] . The overall objective of the study is to characterize the dynamics of the coronal ejection from the sun through final deposition of the energy in the magnetosphere/ionosphere/thermosphere medium.
During this period, Applied Research Laboratories, the University of Texas at Austin (ARL:UT) was conducting an ionospheric tomography experiment , [Bust et al., 1994] . The experiment consisted of nine receivers spread out in a linear array stretching from Pierre, South Dakota to Pharr, Texas. The experimental campaign lasted from July through December of 1993. Thus, not only was data collected during the storm period, but data was collected before and after the storm, as well as during the previous storms associated with this particular solar event. In conjunction with the tomography data collection, a digital ionosonde was operated at Norman, Oklahoma (approximately midway along the array).
Initial analysis of the data presented in this paper, including DMSP supporting data, has revealed a very strong dynamic and irregular response of the ionosphere to the storm. Very disturbed features have been observed as low as 35
• geomagnetic latitude with rapid variations in latitude and height.
Instrumentation
Data from three separate instruments are discussed in this paper which have differing advantages and disadvantages when trying to interpret the data. The ionosonde probes the bottomside vertical structure of the ionosphere while the DMSP satellite samples the ionosphere at one height (840 km) as a function of latitude for a given pass. The CIT reconstructions give detailed two dimensional information for a fixed longitude and over scale sizes ranging from 10 km to over 1000 km.
Digital Ionosonde
A KEL digital ionosonde was operated during the MACE 93 campaign at 15 minute intervals. The data collected was simple vertical incidence amplitude/virtual height (h F ) information for a spread of frequencies from 2-14 MHz. Virtual height is presented rather than a true height because of the question of whether the assumptions for an inversion are valid under very disturbed conditions such as during a storm. The h F is defined as the minimum virtual height of the ordinary wave trace for the highest stable stratification in the F region [Basu et al., 1985] . The virtual height and f o F 2 data presented here are scaled by hand. Auto-scaling was not used to avoid problems caused by any unusual ionograms which might confuse the algorithms.
CIT
The nine receivers that make up the CIT array calculate relative total electron content (TEC) data from the observed Doppler at 150 and 400 MHz emitted by the Transit NNSS satellites. Each observation period last approximately 20 minutes. The tomographic inversion algorithm employed assumes the ionosphere does not change over the observation period. The relative TEC data is processed and the reconstruction algorithm produces a two dimensional image of electron density as a function of latitude and altitude. The universal time (UT) associated with each CIT reconstruction is the beginning time of the pass. Since each pass lasts approximately 20 minutes the event time associated with a reconstruction is really an average event time. In order to estimate a magnetic local time (MLT), the 50
• geomagnetic latitude point of the pass has been used along with the beginning UT time. Therefore, these MLT times are only approximate. Finally, the receiver array goes as far north as 54
• geomagnetic latitude and as far south as 36
• geomagnetic latitude. Typically, the extent of the data on each side of the ends of the array is ∼ 11
• at a 300 km intercept point. Thus, results above 65
• and below 25 • are entirely model generated (generally from PIM [R. E. Daniell et al., 1995] ).
DMSP
Data from the three operational DMSP satellites were analyzed to investigate effects of the storm on the ion density and drift velocity in the topside ionosphere. The DMSP satellites are in a polar, sunsynchronous orbit at 840 km with several different instrumentation packages on board. The ion density measurements are taken from the retarding potential analyzer (RPA) and the ion drift velocity measurements are taken from the ion drift meter (IDM). Both instruments are part of the thermal plasma detector array (SSIES) which is carried on the F8, F10, and F11 satellites [Greenspan et al., 1994] , [Rich and Hairston, 1994] .
Although the RPA and IDM instruments have the capability for measuring the properties of individual ion species (O + , H + , and He + ), the parameters presented here are for total ion population, which is usually dominated by the O + ions. The RPA measures the local total ion density over a time interval of 4 seconds which corresponds to a scale length of about 30 km (or 0.25
• of latitude) along the spacecraft track. The IDM measures the bulk plasma velocity along the two axes perpendicular to the spacecraft's motion, which can be used to determine the convection electric field. The IDM measures the total ion drift velocity in the vertical and horizontal directions six times per second but we have averaged this data to generate 4 sec data. The unknown bias in drift velocity measurements is removed by setting the drift values equal to zero in the mid-latitude region (30 • geomagnetic latitude is used for our analysis).
Experimental Results

Time period of interest
The time period from Nov. 3 1700 UT through Nov. 4 is examined below. Nov. 3 from 1700-2200 has been characterized as the period where Dst was still positive, but decreasing. This period was characterized by a shock passage observed by IMP-8 and GEOTAIL [Knipp et al., 1996] . The period Nov. 3 2200-2300 UT is characterized by a southward turning of the interplanetary field. At 2300 on Nov. 3, Dst becomes negative, and signifies the beginning of the main phase of the storm. The interplanetary field becomes strongly southward. During Nov. 4 the Dst goes very negative and sub-storms occur over the first half of the day, with Dst reaching its maximum negative excursion at around 1200 UT. The period of time examined most closely below is from 2300 UT on the 3rd through 1200 on the 4th. The primary reason for focusing on that period is that it corresponds with local night for the CIT array, and with the CIT data in particular it is difficult to distinguish storm effects from normal solar ionization during the day.
Ionosonde
In examining the f o F 2 (Figure 2 ) and h F (Figure 3 ) we find that most of the unusual behavior occurs in the h F . h F values at night in the mid-latitudes for the nights preceding the storm are typically 240 km with a standard deviation of about 25 km. The lowest heights are at local sundown and sunrise with maximums at midnight and noon.
If we consider the time evolution of these two parameters we notice that the nighttime f o F 2 may be slightly more erratic than would be expected on a more typical night. The h F shows dramatic changes over relatively short time scales. This includes an uplift of over 200 km in 1 hour at 1200 UT on Nov. 4 along with an accompanying decay back to 250 km over 3 hours. There are two upward surges preceding the 1200 UT one of lesser magnitude but still very distinctly different from a quiet period. The first of these large motions occurs around 0400 UT and the second at 0800 UT.
In addition to the changes in f o F 2 and h F , the ionosonde shows a patchy irregularity region forming about 0430. At 0445 ( Figure 4 ) this region begins above the f x F 2 critical frequency (5 MHz) and has a total frequency spread of 2 MHz. The range spread associated with this region is 200 km. This irregularity region lasts several hours maintaining its spread in frequency and range.
If we now consider stepping along in time through the ionosonde data we can examine these effects in more detail. For Nov. 3 1700-2200 UT the ionosonde shows h F at a normal 250 km while the f o F 2 is at a relatively high 7-9 MHz, which is not that unexpected for the time immediately pre-sunset. Between Nov. 3 2200-2300 UT h F moves down from 230 to 214 km while the f o F 2 is still high at about 9 MHz. At 2300-2400 UT Nov. 3 h F hits a minimum at 210 km while the f o F 2 takes a dramatic drop to about 6 MHz. At 0000-0100 UT Nov. 4 h F starts a slow movement upward to 244 km while f o F 2 continues to fall to 5 MHz. From Nov. 4 0100-0200 UT h F continues its slow motion upward to 253 km while the f o F 2 drops to 4.5 MHz. Nov. 4 0200-0400 UT h F continues up to 304 km and the f o F 2 actually has a decay to 4.2 MHz then a slight increase at around 0400-0500 back to 4.5 MHz. In three hours the h F drops to 217 km at 0700 UT. Between 0500-1000 UT the f o F 2 has a steady fall till it reaches 2.7 MHz. At 0815 UT h F jumps to 383 km and then starts another three hour decay so that by 1100 UT it is down to 229 km at which time the f o F 2 takes a short rise up to 3.12 MHz. The virtual height is uplifted again in the most dramatic fashion at 1200 UT where it reaches a height of 437 km while the f o F 2 slips down to 2.4 MHz. h F drops again in about 2 hours to 223 km at 1430 UT. At 1300 UT f o F 2 starts a steady climb till 1700 UT at which it is 7.8 MHz. h F is lifted again at 1445 UT to 329 km. This is followed by a 2 hour drop with another upsurge at 1800 UT to 293 km.
CIT observations
The main phase of the storm started at ∼ 2300 Nov. 3. The first CIT reconstruction occurred at 0352 UT thus, there is no tomographic data for the first 5 hours of the storm. However, during this period both ionosonde data and DMSP data were available. As described above, the ionosonde data suggests that the ionosphere is responding relatively normally between 0000 UT and 0400 UT, with the F-layer slowly rising ∼ 60 km. The ionosonde shows a response to the storm at 0430 UT with the beginnings of intense spread-F. However, the quiet nature of the ionograms up until 0430 UT implies that the strong mid-latitude ionospheric response to the start of the main phase (negative Dst ) is delayed by almost 5 hours. During the period from 0400-1200 UT several sub-storms occur, and the Dst reaches its maximum negative excursion (Figure 1 ). The set of CIT reconstructions obtained during this period provide detailed information on both the temporal evolution and the morphological features of the ionosphere over a latitude range of ∼ 30
• , and an altitude range from 50-800 km.
Between 0400 UT and 1200 UT, seven CIT reconstructions were obtained. Six of the resulting electron density images are displayed in Figure 5 . The horizontal axis on the figures is geomagnetic latitude ranging from 25
• to 70
• . The vertical axis is altitude ranging from 50-850 km. The electron number density is represented by color intensity, in units of 10
11 e − /m 3 . The seventh reconstruction (at 0440 UT) is not displayed but is discussed in the text. The overall morphology, and evolution of the ionosphere over the course of the night is discussed separately for each reconstruction. Table 1 summarizes the CIT reconstruction times and poleward boundary of the trough.
The first reconstruction was obtained from a satellite pass that began at 0352 UT. The resulting electron density distribution shows a narrow (∼ 0.5
• wide) deep trough at ∼ 53
• geomagnetic latitude, −32
• geomagnetic longitude. The maximum number density equatorwards of the trough is ∼ 2.5 × 10 11 e − /m 3 . In addition, there seem to be small secondary enhancements and depletions occuring as far south as 35
• .
The second satellite pass began at 0440 UT. The overall ionosphere has not changed much over the 45 minute period since the previous pass. The secondary depletion region at ∼ 47
• is more pronounced, the entire F-layer seems to have risen ∼ 50 km, and the density has increased to ∼ 3.0 × 10 11 e − /m 3 in the mid-latitude region.
The next satellite pass is ∼ 2 hours later at 0648 UT. Over the 2 hour period the trough has moved to ∼ 51
• and broadened to ∼ 3 • wide. It has also tilted towards the equator, apparently more aligned with the magnetic field direction. In addition, in the region of the trough the F-layer has been uplifted to almost 400 km. There is a strong secondary depletion at ∼ 46
• . The maximum sub-auroral number density is at about 44
• , and is approximately 2.5 × 10 11 e − /m 3 .
At 0734 UT, 45 minutes later, the trough has broadened out to a depletion region between 48.5-52
• . The overall number density equatorwards of the trough is low with a maximum ∼ 1.5 × 10 11 e − /m 3 . The secondary depletion region is beginning to lose its identity as the entire region between 43-53
• is becoming disturbed.
There no satellite data until 1044 UT, after which there are three satellite passes and associated CIT reconstructions from 1044-1156 UT. The first reconstruction with satellite pass starting at 1044 UT, show the overall electron density in the sub-auroral region continuing to drop, with the maximum value being ∼ 1.2 × 10 11 e − /m 3 . The disturbed region is between 40-55
• . There seems to be a large enhancement centered at 49
• , and extending ∼ 3
• in latitude and ∼ 150 km in altitude. This is followed by a large depletion region at 47
A few minutes later at 1106 UT, the CIT reconstruction shows that the ionosphere remains very disturbed, with low densities over the entire region from 40-52
• . While the poleward edge of the trough seems to be well defined at 52
• , the equatorial boundary that normally represents the plasmapause is not well defined. In fact, a very large region in latitude on the equatorwards of the auroral boundary is becoming disturbed.
The final CIT reconstruction at 1154 UT is very similar to the previous two images. The only significant difference being that the auroral boundary seems to have moved to ∼ 50
• , and the region of disturbance has extended to 38
For comparison purposes, CIT reconstructions are presented in Figure 6 for the night of Nov. 1. While a broad shallow trough is observed at geomagnetic latitudes of 55
• or higher, the rest of the mid-latitude ionosphere is very smooth and stratified. Other reconstructions observed during quiet geomagnetic periods show the similar stratified structure. This leads one to infer that indeed, the structure observed on the night of the fourth is storm induced.
The overall structure and evolution of the ionosphere from 0400 UT to 1200 UT as indicated by the CIT reconstructions can be summarized as follows. The mid-latitude trough seems to move equatorwards at three separate times. Data from DMSP [Knipp et al., 1996] indicates the auroral boundary to be at approximately 55
• around 0200 UT. The first good reconstruction period at about 0400 shows that between 0200-0400 the trough has moved south to 53
• . Approximately three hours later (see Figure 5b) at ∼ 0648 UT, the trough has moved 2
• to 51
• , and the trough has tilted towards the magnetic field direction. The third movement of the auroral boundary occurs at or before 1045 UT, (Figure 5d ) when the entire sub-auroral region becomes irregular, and defining a trough becomes difficult.
During the earlier parts of the evening (0400-0730 UT), secondary depletion regions equatorwards of the main trough form and maintain themselves for periods of greater than 1 hour. During the later part of the night (1045-1200 UT) separate features such as the mid-latitude trough and secondary depletion regions disappear and are replaced by an overall disturbed ionosphere F region extending from 38
• to 50
DMSP Data
The ion density and velocity parameters for Nov. 3, 4 and 5 for all three satellites for the northern hemisphere were plotted as a function of geomagnetic latitude. The data for the early part of Nov. 3 indicates a relatively quiet ionosphere but the data from later in the day and throughout Nov. 4 and 5 clearly show the effects of the magnetic storm. Figure 7 shows the data from early on Nov. 3 when the ion density is slowly decreasing with geomagnetic latitude and the horizontal and vertical drift velocities are small and constant throughout the whole pass. Not all of the passes during this time period have data that are this quiet but the mildly disturbed data which are present are all restricted to geomagnetic latitudes above 70
• . To relate this data to the CIT data this figure (and others in this section) are labeled by the UT time, the geographic longitude, and the magnetic local time at 110 km at the point when the satellite crosses the 50
• geomagnetic latitude boundary. The data shown (10
• -80
• ) spans an interval of approximately 40 mins.
The drift velocity measurements indicate a fairly clear pattern of increasing ionospheric activity moving equatorward from the auroral region starting about noon on Nov. 3. The boundary between the region with slowly varying drift velocity values and the region with enhanced variable drift velocities (which is generally related to the equatorward auroral oval boundary) shifts equatorward throughout the day. The ion density also shows enhanced latitudinal variations starting at this time but the pattern is not as clear as that from the drift velocity parameters. In the time period from noon to midnight UT on Nov. 3 we notice enhanced drift velocities in the 60
• -70
• geomagnetic latitude region, and in the 50
• -60
• region beginning early on Nov. 4.
A typical plot of the ion density and drift velocities for Nov. 4 is shown in Figure 8 . The ion density shows considerable structure throughout the auroral region and mid-latitude regions. The boundary between smooth and enhanced vertical drift velocity is at about 58
• geomagnetic latitude for this plot. There is also a slow increase in the vertical drift velocity from 45
• to past 60
The vertical drift velocity exhibits an interesting recurring latitudinal structure during the time period of 0400-0800 UT on Nov. 4 in the 50
• geomagnetic latitude region. In this structure the magnitude of the velocity increases rapidly to about 2000 m/s and then decreases again all over a latitudinal extent of 5
• or less. Both positive and negative enhancements were noted in the data with several examples of very similar structures separated by about 5
• -10 • in latitude. Four selected examples of this structure are shown in Figure 9 . Similar latitudinal enhancements with smaller peaks and broader latitudinal extent can be found later on Nov. 4 and early on Nov. 5.
Discussion of Results
The previous discussion focused on each individual sensor and its observations. When the three types of observations are considered together, a very interesting picture of the response of the ionosphere emerges. When comparing the data from the three sources, it is important to keep in mind that while the ionosonde and CIT data were co-located in longitude (262 • East), the DMSP data are data of opportunity, and typically are at different longitudes and times from the CIT and ionosonde data. Thus, while one expects correlations of general large features and trends between the DMSP data and the CIT/ionosonde data, one should not expect exact agreement in the detailed structure.
The DMSP and ionosonde data indicate very little observed effect before 0400 UT on the night of the 4th. The ionosonde observes a slow rise of the Flayer, while the DMSP data shows very little structure below about 70
• geomagnetic latitude. Then from 0400 through 1200 UT the local ionosphere shows a dramatic response to the main phase of the storm. The mid-latitude trough moves southward to 50
• geomagnetic latitude. In addition secondary depletions and enhancements in the number density occur at latitudes down as far as 35
• geomagnetic latitude from 0400-0800 UT. During this same period (0400-0800 UT) both the DMSP data and the ionosonde data show rapid variations. The DMSP data shows changes in vertical drift velocity of ∼ 2000 m/s over 5
• at geomagnetic latitudes between 50
• and 60
• . While these variations in drift velocity are occurring, the ionosonde located at 45
• geomagnetic latitude shows a decrease of h F of over 100 km between 0400-0700 UT, followed by a rapid increase in h F from 217 km to 383 km in a one hour period. From 0800-1200 UT the CIT observations show the overall ionosphere becoming more and more disturbed between 50
• and 35
• geomagnetic latitude. The previously observed features such as the trough and secondary depletion regions are replaced by an overall irregular region with scales ranging from ∼ 0.5
• , to ∼ 5 • wavelike structures. It should be noted that 0.5
• is the smallest pixel size in these CIT images. The DMSP data show an irregular, patchy ion density at about 1200 UT, with and overall positive vertical drift velocity of a few hundred m/s extending between 45
• geomagnetic latitude. Between 0800-1100 UT the ionosonde shows the h F decreasing from its maximum of 377 km to a minimum of 229 km. Then, in a one hour time period, the h F jumps up to 437 km at 1200 UT.
Thus, the overall picture is of the ionosphere initially responding in a gradual fashion to the initial onset of the main phase at 0000 UT on the 4th, followed by almost impulse-like injections of energy at least two separate times between 0800 and 1200 UT. The long term response of the electron density to these injections is to become more and more disturbed on larger scales, and over a wide range of latitudes. For comparison, the Dst (Figure 1 ) has its first minimum at approximately 0000 UT followed by a increase maximizing at 0300 UT. Then a second minimum is reached at 0600 UT followed by a small upswing maximizing at approximately 1030 UT. Finally the Dst reaches its overall minimum at 1145 UT and begins the recovery phase.
When discussing this overall picture it is important to note the agreements and differences observed between the different instruments. DMSP data and CIT reconstructions both show a equatorwards movement of the mid-latitude trough, and increase in the irregular nature of the density at later times. In addition the ionosonde shows a large spread in frequency and range over several hours. The ionosonde and the DMSP data both show phenomena that have rapid variations. The DMSP observes large, rapid variations in the vertical drift velocity while the ionosonde observes rapid large variations in the h F height. CIT observes three equatorward surges of the auroral boundary. The second and third surges are observed to occur a short time before the uplifts observed by the ionosonde. The first surge occurs at the same time or earlier than the first uplift observed by the ionosonde.
One important difference in results is between the CIT reconstructions and the ionosonde at 1200 UT. The ionosonde clearly shows a rising of the F-layer to well over 400 km, while at 45
• geomagnetic latitude the CIT result shows a layer maximum closer to 300 km. This discrepancy in heights demonstrates one of the current weaknesses in CIT methods. By definition ionospheric tomography is an inversion process that is data limited and underdetermined. Thus, a priori information must be included. The method adopted at ARL:UT is optimized to have the f o F 2 agree with observed ionosonde measurements, and in fact the f o F 2 's are very close for this case. However, with the current method it is difficult to input heights into the reconstruction process that are far removed from model predictions. In addition since CIT assumes a static medium, if the layer evolves significantly over a time period less than 10 minutes, the results are questionable. Work is ongoing to generalize the inversion process to include real height information and to include temporal variation. Thus, while the over-all structure of the ionosphere is well characterized by tomography, when interpreting these results care should be taken when discussing the precise location and height of observed structures.
Conclusions
This report has provided an initial investigation of the evolution of the Nov. 4, 1993 geomagnetic storm using three complementary electron density measurement techniques. The digital ionosonde provides a continuous record of the h F and f o F 2 for a single point in the ionosphere, the CIT array provides a two dimensional height vs. latitude snapshot of the electron density at several different times during the storm, and the DMSP satellites provide a series of in situ measurements of ion density and drift velocities as function of latitude. Taken together, the results from these three techniques portray an extremely disturbed ionosphere with rapid variations in electron density in both time and latitude. The CIT and DMSP data indicate a strong equatorward surge of the ionospheric trough while the ionosonde shows dramatic variations in virtual height. This investigation has only been an initial look focusing mainly on the 12 hour time period beginning with the main phase of the storm. Future investigations should expand the time period to include several days before and after the storm to obtain a clearer picture of the long term development of storm effects. In addition, further developments in the CIT reconstruction algorithms will enhance the application of this technique to time periods when the ionosphere is clearly disturbed. 
